Apparatus for fluorescence-based single photon generation includes collection optics and various setups for characterization. This can have complexity when tweaking in one part changes the optimal alignment of everything. We suggest here a modular system, where each compartment is given the optimal alignment and has independent self-tests. Based on this concept, we built a stable and extendable system for single photon generations with fluorescence center in nano-flakes. The system has advantages of extending the number of single mode fiber output, which are connected to various external setups for analysis and reserved for practical uses as a photon source in radiometry. Another benefit is a high level of stability to preserve the optimal condition with the help of internal self-tests in each module. For demonstrations, we had a crystal-defect fluorescence center in hexagonal boron nitride nano-flake, and produced a single photon stream qualified by the single photon factor g (2) (0) = 0.25 and the maximum count rate of 3 × 10 5 per second at a saturation point. Due to high stability, we prolonged a single photon stream over an hour with uniform count rates.
I. INTRODUCTION
Single photon generation with fluorescence centers has been intensively performed with nano-materials like crystal defect in hexagonal boron nitride nano-flake and NV − in nano-diamond, [1] [2] [3] and exhibited affordable count rates at room temperature. Related setups commonly include a microscope for optical collections, and various modules to characterize emission properties like photoluminescence spectrum and photon number statistics. For practical use of single photons, the whole system requires high degree of stability for maintaining a rate of photon generation, and for preserving alignments. However, complexity arises from that a small change in a fraction of optics alters the optimal condition of other. An idea we tried here is to compartment the optics setup into modules, which condition of optimization is prevented from being conflicted with other's and able to be tested independently. This is similar to a measurement system made up by various kinds of equipment with a built-in self-test, and protocols needed to regularize signals between them. The system built under this idea can be outlined as the schematic image shown as Fig.1 , which is designed to funnel single photon emission from a fluorescence centre through a microscope, outputs into a single mode fiber. The scanning microscope module scans a specimen where nano-flakes are dispersed, and fixes at a detection point. The single mode fibre (SMF) collection module plays numerous roles of delivering a signal into a number of SMFs in a switching manner. The module has three SMF outputs of single photon stream; two are connected to Hanbury Brown-Twiss (HBT) interferometer and spectrum analyzing module for characterizations, and the last channel of SMF is reserved for being a photon source in radiometry 4 .
Managing the SMF collection module, which alignment depends on modules connected via free-space optics sensitively in conventional setups, has taken many efforts to stay the whole system in the optimized condition. However, we do this effortlessly with the help of apparatus for self-tests inside the module, as being delineated in section II. While connecting between modules with SMF is handy, connecting via free-space optics has to be regularized. We devised a reference beam that is employed for inter-module connections, but restricted our considerations to Gaussian modes. Its usage will be explained in section III, and limitations discussed in the final section.
Operating this system, we successfully generated stable single photon streams. Their quality and stability are examined to offer single photons for applications in radiometry. We concluded that the modular system can have the same level of precision compared with conventional setups. We demonstrated with hexagonal boron nitride (hBN) nano-flake, 5 found an isolated fluorescence center, and identified single photon emissions from spectrum and photon number statistics consistently. Results and stability are presented in section IV. The major role of SMF collection module is to focus a propagation beam sent from a microscope into a SMF fiber, played best for the Gaussian mode. We consider LG 00 mode for compatibility, because this is transformed well to the fundamental mode (HE 11 ) of the SMF by collimation optics.
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A novelty lies in a built-in apparatus for self-test and a reference beam (REF) established to help an external connection. The apparatus utilizes a retroreflector that simulates signals to be collected. The retroreflector, made of a plano-convex lens (L 1 ) and a mirror (M 3 ), produces a minimum displacement by adjusting M 3 .
7 When a mirror(MFM 1 ) is placed on by a motorized flip stage, the reference beam imitates a signal beam after being reflected from the retroreflector in the same path. When this beam is coupled with the SMF optimally, the selftest is complete. Then the reference beam is released by flipping MFM 1 , and able to refer the correct alignment for signals to be collected.
A beam splitter (NPBS) of an asymmetric transmission/reflection (T/R) ratio (9/1) is meant to transmit the signal mostly. Optical paths are switched by a number of MFMs controlled by computer program, and the module remains hand-off. The REF and the signal beam in free-space are 2.7 mm wide, determined both by the focal length (f asph , 14 mm) of a collimating aspheric lens (Thorlabs @ , C560TME-B) and the fibre (SM600) mode field diameter (MFD, 4µm). Such extent is large enough to fill an aperture in objective lens. Coupling efficiencies into two SMFs (SMF Out−1 and SMF Out−2 in Fig.2 ), which depends on displacement, angle, and collimation, 8 were measured to be > 80% in most cases. We used a pair of mirrors to couple into one SMF; one (M 12 ) is to control an angle and the other (M 11 ) to compensate a displacement. Mirror mounts (Newport @ 9812) have a good angular sensitivity around 20 µrad that is smaller than the maximum deviation allowed for coupling (∆θ dev , 140 µrad) given by the following equation;
A motorized flip mirror (MFM 2 , Thorlabs @ MFF101) is placed to make the signal path connected to the second SMF, and has an acceptable angular repeatability of 50 µrad < ∆θ dev .
An imaging camera, made up by a camera sensor (Edmund optics @ acA2440-20gc, CMOS in Fig.3 ) and an imaging lens (Thorlabs @ ACA254-150, L 2 ), was used to compare angles and to find the optimized collimation. Provided that the pixel size (3.5 µm) of the camera sensor is smaller than the theoretically attainable beam waist (w 0 , 5.7 µm) given by the f-number of L 2 , an angle resolution (∆θ res ) depends mainly on an aperture diameter (D); 9 (p.676)
The angle resolution is expected to be in the same order of 50 µrad for the active D of 10 mm theoretically, and proved to be better than 70 µrad experimentally. This level of resolution is adequate to inspect the angular alignment required for the SMF coupling.
III. INTEGRATION OF MODULES INTO A SYSTEM FOR SINGLE PHOTON GENERATIONS
The scanning microscope module is integrated with the SMF collection module into a confocal scanning microscope (CSM). Without losing generality, we shows a method of connection in free-space optics between modules, and then particularizes in the present case of building CSM. The free-space connection between arbitrary modules (A and B) requires to match path and beam waist technically. We facilitate a small setup for doing this with reference beams produced by module A and B, as shown as Fig.3A . A beam splitter (NPBS) of 9/1 (T/R ratio) is used to extract the reference beam from module B and send to the imaging camera. A retroreflector allows the reference beam of module A to be collected into the imaging camera together with the one from module B. When the condition of alignment is optimized, two spots, which are corresponding to angles of reference beams, are confirmed to be in the same position. A beam shift is additionally checked against in an entrance iris (IR 1 ). This method proposed above was applied to the CSM shown as Fig.3B . An objective lens (OBJ) and a flat sample on the image plane reflects the reference beam into the imaging camera, as if the retroreflector plays in Fig.3B . Then the process is similar to the one previously explained, except that a dichroic mirror (DCHM) allows for insertion of an excitation beam along the reference beam. Visual assists of the imaging camera help to coincide a focused spot of the excitation beam with the collection point, reducing angular deviations before the OBJ. In order that the signal has zero displacement with the reference beam, a mirror M 4 , which is put close to the OBJ and tunes an incidence angle to a pupil of the OBJ, has to be adjusted until the reflected beam has a zero displacement to IR 1 . Following two additional steps are effective a bit to gain a higher level of precision, though we don't do every time. (1) An additional mirror (M 5 ) other than M 4 can preemptively be placed to tune the angular mismatch, though we have not yet had in the setup shown in Fig.2B . (2) These mirror adjustments (M 4 and M 5 ) can be assisted by monitoring an intensity collected in the SMF output of module A. To avoid errors of chromatic aberration, the wavelength of the reference beam was set at the middle of fluorescence spectrum as a target wavelength. Then, the focused spot of reference beam is identical to the collection point defined by a conjugate image projected from a SMF core. This scheme has a diffraction-limited spatial filter played by the SMF, and configures confocal microscopy.
To estimate the coupling efficiency, we placed a mirror in the position of sample and collected the reference beam after it passed twice through the OBJ. The coupling ratio from free-space to the SMF was decreased about 63 % compared to the one measured for the internal alignment as explained in the previous section. Given a transmit- tance of the OBJ as 90 %, we assumed the collection efficiency from samples to the SMF to be about 43 %. The real coupling efficiency for the emission from an electrical point-dipole source requires precise calculations, 10 , and their results will be smaller than our estimation measured with the well-defined Gaussian beam.
We employs a 3-axis piezo-stage (Physik Instrumente @ P-517) to scan a position of fluorescence center, and acquires photon statistics and spectra. We acquires maps of fluorescence signals using a commercial data acquisition board (DAQ, NI @ USB-6361). The DAQ has a common clock given by a user-determined sampling rate, and executes two things simultaneously; one is controlling voltages to change positions, and the other is counting photon arrival events signaled by a single photon avalanche counting modules (SPCM, Excelitas @ SPCM-AQRH). Photons collected into SMFs are delivered to external modules of Hanbury Brown-Twiss interferometer (HBT) and spectrometer respectively. The HBT module has two SPCMs and a time tagger (PicoQuant @ Hydraharp 400) that collects time periods between two sampled photon arrivals into a histogram. The spectrometer module consists of a highly sensitive spectrum camera (Horiba @ Synapse) and a monochromator (Horiba @ iHR320) with homemade f-number matching optics for a SMF input, and can resolve a full-width-half-maximum linewidth as 0.6 nm in wavelength.
IV. RESULTS : QUALITY AND STABILITY OF SINGLE PHOTON STREAM
Experimenting the system, we searched fluorescence centers, performed spectrum analysis, and studied photon number statistics. The sample we used is nanoparticle of hexagonal boron nitride (hBN) containing defects, which are known as fluorescence centers and to emit single photons efficiently.
11 Nano-particles were spin-coated on an oxidized silicon substrate, and mount on the piezo-stage. Photoluminescence (PL) was excited by a diode-pumped-solid-state laser of 532 nm in wave- 
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This equation approximates the original jinc squared function of paraxial point-spread model 12 (p.93) into the Gaussian model: I(x) = I 0 exp(−2x 2 /w 2 ). Experimentally, the waist of fluorescence center, which we acquired like the inset of Fig.4A , was fitted to be 275 nm, and close to the theoretical limit explained previously, indicating that the nano-particle is well isolated. The experimental value can be larger due to a difference of wavelengths between the excitation beam and PL signals.
A PL spectrum of this fluorescence center was resolved into a 9.6 nm-wide zero-phonon-line at 643 nm in wavelength and a few of phonon side-bands, which corresponds to a red-shaded peak and surrounding blueshaded peaks respectively in Fig.4A . This feature is the same as those observed in earlier studies, 13 and the spectral shape indicates that this fluorescence center has the atomic formation similar to the defect found to be radiatively efficient.
14 Correlation dips, appeared at the zero time delay as in Fig.4B and C, are the prominent feature of single photons, meaning that single photons are not detected twice. Photon number statistics ideally have no coincidence of detection events in the HBT module and zero secondorder coherence (g (2) (0) = 0). 15 (p.245) Our best result was attained like g (2) (0) = 0.25 shown as Fig.4B , measured under a low excitation power (0.1P sat ) compared to the power (P sat ) at a saturation point of photon count rate. This value of g (2) (0) implies that noise photons are inherently present in PL by a 13 % chance. 16, 17 With the maximum excitation power of 3.8P sat , the count rate reached to total 3 × 10 5 photons per second maximally and g (2) (0) was increased to 0.4 ± 0.03. But this value remains in the regime that the single photon emission still dominates the chance to be trapped into metastable state and an emission of noise photons. 18 This result of count rate is smaller than previous reports by an order of difference, 5, 14 attributed to difficulties in sample preparations. For the same reason, we had a low chance (one averagely found in a scanning area of 200 × 200µm
2 ) to find fluorescence centers emitting single photons in our sample.
Count rate (×10 The stability of our system was examined by tracing photon counts of a single photon stream over time. An amplitude noise in the excitation beam was suppressed by a liquid crystal modulator in the excitation module, and measurements were carried out under controlled environments of humidity and temperature. Data shown here as in Fig.5A . was acquired for 1000 seconds. We kept watching photon count rate for repeated shots of measurement, and have not observed noticeable changes during 1 hour.
V. DISCUSSIONS
We experimented and applied a concept of modular optical systems into our setup for single photon generation that collects only for Gaussian and fundamental modes in free-space and fiber optics. However, non-Gaussian and higher order modes often inevitably occur, and are not suitably coupled to SMF. For higher order mode, one may consider to replace SMFs with graded-index fibers that are able to convey multiple modes with a minimum intermodal dispersion. Coupling non-Gaussian mode with SMF will perhaps requires wavefront corrections under adaptive controls. 19 Those alternative methods may engineer a wavefront from a point-dipole fluorescence center to be fitted with SMF coupling.
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Nevertheless, we fully exploited enhanced features both on extendibility and stability from the modular system. On the stability, our setup was sustained against vibrations of quantum radiometry measurements, 4 , and endured various motions of translating stages and flipping mirrors. For these merits are generally required for optical systems, we are expecting the modular design to be used for a broader range of applications.
